is one of the most abundant molecules in the brain and is particularly prevalent in astrocytic membranes at the blood-brain and brain-liquor interfaces. While AQP4 has been implicated in a number of pathophysiological processes, its role in brain physiology has remained elusive. Only recently has evidence accumulated to suggest that AQP4 is involved in such diverse functions as regulation of extracellular space volume, potassium buffering, cerebrospinal fluid circulation, interstitial fluid resorption, waste clearance, neuroinflammation, osmosensation, cell migration, and Ca 2ϩ signaling. AQP4 is also required for normal function of the retina, inner ear, and olfactory system. A review will be provided of the physiological roles of AQP4 in brain and of the growing list of data that emphasize the polarized nature of astrocytes.
I. INTRODUCTION
In 1992, Agre and co-workers (148) discovered that red blood cells contain a membrane protein that confers high water permeability. This protein, later called aquaporin-1 (AQP1), turned out to be a member of a large family of water channel proteins that allow bidirectional transport of water across the phospholipid bilayer of the plasma membrane (77) . The phospholipid bilayer shows low water permeability, depending on lipid composition, temperature, and cell type (173) .
The discovery of the aquaporins marked the end of a longstanding conundrum in biology and paved the way for a molecular understanding of secretion and absorption processes in animals and plants alike. Notably, with the identification of aquaporin-2 (AQP2), it soon became possible to describe in molecular terms how the kidney regulates urine production and thus helps maintain systemic fluid balance (128) .
In 1994, Agre's and Verkman's groups independently reported that the brain expresses a specific aquaporin cDNA in rather high amounts (58, 74) . This aquaporin, dubbed mercury-insensitive water channel (MIWC) by Verkman's group and later renamed AQP4, was immunolocalized to ependymocytes and astrocytes throughout the brain (42, 129) (FIGURE 1). Immunogold cytochemistry revealed that AQP4 was particularly enriched in those astrocytic plasma membrane domains that abut on brain microvessels or on the pial covering of the brain surface (129) . AQP4 was also contained in perisynaptic astrocytic processes, but at far lower concentrations. In other words, astrocytes stood out as highly polarized cells, not only with regard to their anatomy, but also in terms of protein expression.
The finding that AQP4 is concentrated to perivascular and subpial endfoot membranes helped solve an enigma that had been around for decades: the nature of the conspicuous assemblies of intramembranous particles that cover much of the astrocytic endfoot membranes in freeze fracture replicas (FIGURE 2). These assemblies, originally discovered by Dermietzel (30) , were termed orthogonal arrays of particles (OAPs) or square arrays (199, 200) . The identity of the component protein remained unknown until it was found that square arrays were absent from endfoot membranes of Aqp4 Ϫ/Ϫ animals and that square arrays could be produced in ovary cells following transfection with Aqp4 mRNA (193, 201) . More recently, square arrays have been demonstrated also in transfected oocytes (40) . The idea that square arrays represent semicrystalline clusters of AQP4 was bolstered by freeze fracture immunogold labeling (151) . The very dense expression of AQP4 at the blood-brain interface prompted the hypothesis that this AQP4 pool controls the flux of water between blood and brain. Supporting this idea, Verkman's group found that postischemic brain edema was much reduced following Aqp4 knockout (99) . That this effect was coupled specifically to the endfoot pool of AQP4 was demonstrated in two different models that allowed for a near-selective depletion of perivascular AQP4. Both models were based on the finding that AQP4 is enriched in perivascular endfoot membranes through anchoring to the dystrophin-associated protein complex (DAPC) (43, 116) . Vajda et al. (192) demonstrated reduced edema formation in mdx animals that lack dystrophin. In the second model, Amiry-Moghaddam et al. (4) reported a 50% decrease in edema volume following knockout of the gene for ␣-syntrophin, a dystrophin associated protein shown to be the immediate anchor of AQP4 (116) . Recently, reduced edema formation was also reported in a glial-conditional Aqp4 knockout line (55) , confirming that the pool of AQP4 that facilitates edema formation resides in astrocytes and not in other cell types, such as endothelial cells. The more we have learned about the pathophysiological roles of AQP4, the more obvious has become the void in our understanding of the physiological roles of this protein. The original knockout studies revealed but minor perturbations of normal function, coupled essentially to the kidney (mild urinary concentrating defect) (94), retina (abnormal electroretinogram) (85) , and inner ear (partial hearing loss) (86) . The contrast between brain and kidney was striking: while the discovery of aquaporins rapidly transformed our concept of kidney function, the identification of AQP4 in brain largely advanced our insight in the realm of pathophysiology (5, 11, 13, 163, 194) . The elucidation of physiological roles of AQP4 in brain had to await the development and application of new experimental approaches.
II. STRUCTURE, ISOFORMS, SELECTIVITY
AQP4 belongs to the aquaporin subfamily that is selectively permeable for water (77) . Thus AQP4 stands out from the aquaglyceroporins, which transport glycerol and other molecules in addition to water. The high selectivity for water is determined by three specializations along the channel of the AQP4 monomer (2, 63, 64, 184) (FIGURE 2). First, the pore in each monomer narrows to ϳ2.8 Å, effectively excluding molecules larger than water (196) . Second, the pore region contains an arginine residue that serves to block the entrance of protonated water and other cations (184) . Third, positively charged dipoles near the midpoint of the channel prevent proton flow and cause the water molecules to reorient (184) . Molecular dynamics simulations indicate that the features of the AQP4 pore allow for highly efficient and selective water transport (27, 197) . This prediction has been borne out in multiple experimental systems, including frog oocytes (40, 58, 74, 169, 173) .
A number of AQP4 isoforms have been described (58, 74, 109, 158, 175) . The two classical isoforms M1 and M23 are transcribed from two different initiation sites on the same gene. These isoforms show similar water transport capacities when expressed in Xenopus oocytes (74) . However, the shorter transcript (M23, with 301 amino acids) differs from the longer transcript (M1, with 323 amino acids) by its ability to form square arrays (24, 46, 177, 179) .
Moe et al. (109) described six cDNA isoforms of Aqp4, formed by alternative splicing. These were named Aqp4a-f, with Aqp4a corresponding to M1 and Aqp4c corresponding to M23. One of the novel isoforms (AQP4e) contained a distinct NH 2 -terminal domain and was found to transport water when expressed in Xenopus oocytes (40) . The cDNA isoform Aqp4e appears to correspond to Aqp4 Mz which is found in the rat brain but not in brains of mice or humans (158) . In rat, AQP4 Mz was immunolocalized to endfoot membranes and found to be integral parts of OAPs (158) . Recently, Sorbo et al. (175) isolated a 36-kDa and a 38-kDa AQP4 isoform from rat brain. The relationship between these two isoforms and the cDNA isoforms previously described remains to be determined.
Similar to other aquaporins, AQP4 forms tetramers when assembled in plasma membranes (117, 123) (FIGURE 1D) . Each tetramer will have a central pore. There are indications that the central pore could mediate gas transport. Thus transfection of oocytes with Aqp4 mRNA increased membrane permeability for CO 2 and NH 3 (111) . Molecular dynamics simulations suggest that gas transport must occur through the central pore rather than the monomer channels (197) .
Naturally, gas permeation through AQP4 tetramers would be physiologically relevant only if exceeding permeation through the lipid bilayer that the tetramers are embedded in and displace. Membranes differ considerably when it comes to gas permeability, depending on lipid composition (21, 71, 147) . The gas permeability of astrocytic endfoot membranes is not known. Thus it is difficult to predict whether the huge accumulations of square arrays in endfoot membranes provide a net increase or net decrease in gas transport capacity at the blood-brain interface. Adding to the complexity, unstirred layers on cell surfaces may confound measurements of gas transport across cell membranes. Notably, a thick, unstirred layer may show a diffusion resistance that exceeds that of the membrane itself (35) .
The only in vivo study addressing the role of AQP4 in gas transport is that of Thrane et al. (186) . Using NADH fluorescence as a proxy, the latter study recorded oxygen deficit in brain neuropil during cortical spreading depression. Aqp4 Ϫ/Ϫ mice showed a more pronounced oxygen deficit in micro-watershed areas than did wild-type controls. The most seminal explanation is that depletion of AQP4 reduces oxygen diffusion from brain microvessels to nerve tissue.
Given the close similarities between AQP1 and AQP4, studies on gas transport through AQP1 might inform the current debate on AQP4-mediated gas transport. Molecular dynamics simulations (67, 196) concluded that significant transport of CO 2 through AQP1 is to be expected only in membranes with low intrinsic CO 2 permeability. Furthermore, the free energy barrier of CO 2 permeation was found to be smaller for the central pore than for the monomeric channel (196) . This stands in apparent contrast to the finding that HgCl 2 prevents CO 2 permeation (17), as HgCl 2 is known to specifically affect transport through the monomeric channel. It should be noted that Fang et al. (39) found no evidence of CO 2 transport through AQP1. In line with earlier studies in AQP1-depleted erythrocytes and AQP1-containing liposomes, experiments on lung and kidney were not indicative of any AQP1-mediated CO 2 permeation (39). CO 2 transport between alveoli and blood was measured from changes in air-space fluid pH in response to addition or removal of HCO 3 Ϫ from the pulmonary artery perfusate. With this approach, Aqp1 knockout animals did not differ from wild-type controls.
The central pore of the AQP1 tetramer has been implicated in ion transport (8, 205) . Using primary cultures of rat choroid plexus, Boassa et al. (20) observed that AQP1 is associated with a cGMP-gated cationic conductance. They found that this conductance is activated by an endogenous receptor guanylate cyclase for atrial natriuretic peptide (ANP), and that it is blocked after targeted knockdown of AQP1 by small interfering RNA (siRNA). The data indicated that tetrameric AQP1 can function as a water channel as well as a gated ion channel.
In conclusion, the tetrameric organization of AQP4 opens for the possibility of gas and ion permeation through the central pore, thus complicating the issue of substrate specificity. More work is needed to resolve the nature and permeability of the central pore. The properties of this pore are of particular interest, given the abundance of AQP4 tetramers at the blood-brain interface. Transport of ions, gases, or signaling molecules through these pores may affect local blood flow and directly or indirectly influence exchange of substrates between blood and brain.
As noted above, AQP4 tetramers form higher order structures called OAPs or square arrays (FIGURE 1, E AND F) . Square arrays are formed primarily by the M23 isoform of AQP4 (40, 46, 169) . The extended NH 2 terminus of M1 serves to inhibit square array formation. Palmitoylation plays a critical role in this regard, as mutations of cysteine in positions 13 and 17 (the residues normally subject to palmitoylation) render the M1 isoform capable of generating square arrays (179) . The Mz isoform does not form square arrays on its own (40) , but does so when coexpressed with M23 (158) . Also, recent studies indicate that M1 may be incorporated in square arrays, specifically at their peripheries (159) .
The square arrays in astrocytic endfeet are truly imposing structures when viewed in freeze-fractured replicas. In endfoot membranes, the density of these arrays is typically in the range of 500 -600/m 2 (199) . As astrocytic endfeet form a continuous sheath around brain microvessels (101) (FIGURE 3), square arrays represent a substantial fraction of the blood-brain interface.
The specific function of square arrays is still a matter of conjecture. As AQP4 channels are assumed to be constitutively open (see sect. IV), their concentration into square arrays should secure a very high capacity for water transport across the endfoot membrane. It is difficult to envisage why such a high capacity should be required for resorption of extracellular fluid or for facilitating clearance of macromolecules from brain interstitium, two physiological functions attributed to endfoot AQP4 (55, 69, 140) . The abundance of AQP4 molecules at the blood-brain interface would be easier to explain if this AQP4 pool helped optimize gas exchange between blood and brain (186) or if it served an adhesive function.
As to the latter hypothesis, it is worth pointing out that AQP4 has been described as an "adhennel" since it may do double duty as a channel and an adhesion molecule (36, 63, 65, 184) . However, so far the adhesive role of AQP4 has been discussed only in the context of AQP4-AQP4 interactions, i.e., in anatomical settings where two AQP4-containing membranes are opposed to one another (129) . This setting is not found at the blood-brain interface where the AQP4-laden endfoot membrane faces the extracellular matrix of the pericapillary basal lamina. It should be noted that transfection of Aqp4 into CHO-K1 and FRT cells failed to increase cell-cell adhesion (214) . Also, adhesion between primary astrocytes was insensitive to Aqp4 knockout (214).
In conclusion, while the structure-function relationship is well established for AQP4 monomeric channels, the physiological role of the central pore (in AQP4 tetramers) remains to be clarified. There is also a need to elucidate the physiological implications of the higher order structure of AQP4 at the blood-brain interface. None of the physiological functions attributed to the endfoot pool of AQP4 appears to demand the abundance of channel protein represented by the square arrays.
III. POLARIZED DISTRIBUTION
AQP4 is highly concentrated in astrocytic endfeet (42, 129) , attesting to the polarized nature of astrocytes (FIGURE 1 ). An early quantitative immunogold analysis on retinal macroglia indicated that glial endfeet contain a 10-fold higher density of AQP4 than non-endfoot membranes (112, 114) . The endfoot AQP4 pool is concentrated in the adluminal membrane (i.e., the membrane facing the perivascular basal lamina).
Unlike lateral membranes of many types of epithelial cell, lateral membranes of astrocytes do not express tight junctions that can hinder diffusion of membrane molecules. Thus the concentration of AQP4 in adluminal endfoot membranes must depend on specific anchoring mechanisms. The first clue that the DAPC could be involved came with studies of mdx mice (44, 90, 202) . These mice, which are deficient in dystrophin, showed reduced levels of AQP4 in skeletal muscles. Later, mdx mice were found to exhibit reduced expression of AQP4 also in astrocytic endfeet (43) . Dystrophin in muscle and brain is associated with a number of proteins, including ␣-syntrophin (1, 116) . Knockout of the gene for ␣-syntrophin caused a loss of AQP4 from endfoot membranes (4, 116) , suggesting that ␣-syntrophin could be the immediate anchor of AQP4. Evidence in support of this was provided by biochemical analyses and coimmunoprecipitation experiments (116) . It is now well documented that the entire DAPC is held in place through its attachment to laminin, a principal component of the pericapillary basal lamina (5, 49, 116, 131, 200) . This mode of anchoring explains why the density of AQP4 drops as soon as the endfoot plasma membrane is reflected away from the capillary (114, 129) .
Knockout studies have confirmed that dystrophin with its associated proteins (␣-syntrophin, ␣-dystrobrevin, ␣-and ␤-dystroglycan) play a central role in AQP4 anchoring (28, 37, 89, 116, 134) (FIGURE 1C ). The involvement of the DAPC is also compatible with the observation of a reduced perivascular pool of AQP4 in animals with deficient O-glycosylation of ␣-dystroglycan (104, 162) . Moreover, the matrix constituent agrin, which interacts with ␣-dystroglycan (47), is necessary for normal AQP4 expression in endfeet (132, 133, 154, 176) . However, the anchoring model shown in FIGURE 1C is not alone responsible for the enrichment of AQP4 in endfoot membranes. Dystrophin-deficient mice exhibit a substantial pool of AQP4 in cerebellar astrocytes (125) . Also, a residual endfoot pool of AQP4 is found in mice with targeted deletion of the gene for ␣-syntrophin (4, 34, 37) . This residual pool is larger in retinal macroglia than in brain astrocytes, pointing to a heterogeneity in anchoring mechanisms (37) . It has been proposed that the residual AQP4 pool depends on ␤-syntrophin or another syntrophin isoform other than ␣-syntrophin (149). The clarification of this issue will have to await the development of appropriate knockout lines. Moreover, deletion of the gene for ␤1-integrin also affects perivascular AQP4 expression (156).
IV. REGULATION
Regulation by molecular gating mechanisms has been reported for plant aquaporins (59) . The spinach plasma membrane aquaporin SoPIP2:1 is a case in point (188) . X-ray structure analyses combined with molecular dynamics simulations indicate that SoPIP2:1 is closed when the intracellular loop D caps the channel and occludes the pore. It was suggested that this type of mechanism is conserved among most plasma membrane proteins in plants (196) . According to the model proposed, channel closure is initiated by dephosphorylation of two conserved serine residues (Ser115 or Ser 274) or by protonation of a conserved histidine residue. Some problems remain with this model (196) . Notably, it has yet to be demonstrated that Ser115 in SoPIP2:1 or a corresponding site in any other plant AQP is subject to phosphorylation.
Plants are exposed to severe changes in their environment and need powerful mechanisms for preserving water under drought stress. By comparison, mammals have a well regulated milieu interne. Thus the mechanisms for aquaporin regulation need not be the same.
Indeed, despite substantial sequence homologies with plant aquaporins, evidence for bona fide gating of mammalian aquaporins has yet to be provided. AQP4 is endowed with a loop D (like SoPiP2:1) and with a number of phosphorylation consensus sites (208) . However, it remains to be demonstrated whether closing of the channel can occur. This does not mean that AQP4 is exempt from short-term regulation: activation or inhibition of AQP4-mediated water flux has been reported in several experimental settings (208) . Inhibition of AQP4 has been reported after phosphorylation of Ser180 (57, 102, 110, 209) , and activation has been found after phosphorylation of Ser111 (50, 52). The conformational changes responsible for inhibition or activation of AQP4 are not known. Indeed, no changes were found in the structure of AQP4 following a mutation that mimicked phosphorylated Ser180 (107) . No indications were found of an obstruction near the cytoplasmic pore entrance. Also, water permeability measurements did not reveal any differences between wild-type and mutant AQP4. A recent paper reported data that indicate a lack of phosphorylation-dependent gating of rat AQP4 (10).
Inhibition by metals is an issue of particular relevance to aquaporins, including AQP4 (207, 208) . One of the hallmarks of AQP1 and several other aquaporins is their sensitivity to mercury (77) . Indeed, when AQP4 was first described, its lack of sensitivity to mercury was noted as an anomaly. Hence, the new protein was dubbed "mercuryinsensitive water channel" (58) . Later it was realized that the lack of sensitivity to mercury was not due to absence of a mercury binding site (206) . AQP4 does possess such a site, but this is found on an intracellular loop rather than extracellularly (as in AQP1), reflecting differential folding of the two proteins. Hence, when AQP4 molecules are reconstituted in liposomes at random orientation, inhibition is observed by external application of mercury (206) .
Aquaporins are also subject to regulation at the level of subcellular distribution (77) . AQP2 is a classic example (22) . Soon after the discovery of this protein, evidence was obtained that translocation of AQP2 is a primary mechanism underlying regulation of water reabsorption in kidney collecting ducts (127) . This process is under the control of vasopressin 2 (V2) receptors and key to adjusting urine volume to water ingestion (78) . Activation of V2 receptors causes a translocation of AQP2 from intracellular vesicles to the apical plasma membrane, thus allowing for an osmotically driven reabsorption of water from the collecting duct lumen.
In perfusion-fixed brains, AQP4 is largely expressed in the astrocyte plasma membrane with no significant intracellular pool (129) . Thus there is no evidence that translocation to the plasma membrane is involved in regulating AQP4-mediated transport in the intact brain. In contrast, astrocytes in culture display significant pools of AQP4 in intracellular compartments. Several studies have addressed the mechanisms responsible for intracellular trafficking of AQP4 in cultured astrocytes (51, 124, 150, 157) or MDCK cells (98) . These data will not be reviewed here.
A recent study in oocytes indicates that AQP4 may be internalized following activation of V1 vasopressin receptors (110) . The interaction between V1 receptors and AQP4 depended on protein kinase C (PKC) activation and the presence of wild-type Ser180. It remains to show whether activation of V1 receptors has similar effects in vivo. Previous studies have shown that V1 activation facilitates water transport in brain (130) and that V1 antagonists have a protective effect in postischemic brain edema (91). Thus there is still no coherent picture as to how vasopressin is involved in AQP4 regulation in brain.
The level of AQP4 in astrocytic endfeet is much depressed following transient ischemia (45, 176) . The reduction in AQP4 occurs with no concomitant changes in the level of ␣-syntrophin (45) . This suggests that the binding between ␣-syntrophin and the cytoplasmic tail of AQP4 is sensitive to ischemia. Sudden loss of AQP4 occurred in regions of vascular damage and might serve to delimit the influx of water in the postischemic phase (41) . In a similar vein, the protective effect of erythropoietin (EPO) against postischemic brain edema might relate to EPO's ability to depress the plasma membrane pool of AQP4 (183) .
Loss of AQP4 from endfoot membranes is also found in epilepsy (33, 82) , traumatic brain injury (155) , and a model of Alzheimer's disease (203) . Generally, the polarized distribution of AQP4 is lost in reactive astrocytes (200) . Loss of polarity can be due to reduced AQP4 in endfeet, but commonly also results from increased AQP4 expression in parenchymal membranes (200) .
Increased expression of AQP4 or Aqp4 mRNA has been found in numerous conditions, including bacterial meningitis (141), inflammation secondary to intraparenchymal injection of lipopolysaccharides (LPS) (187) or lysolecithin (190) , subarachnoid hemorrhage (198) , intracerebral hemorrhage (182), brain tumors (32, 135, 164) , and hydrocephalus (100, 144, 168, 170, 189) . It is still not known whether changes in surface expression of AQP4 occur under physiological conditions.
In conclusion, while recent years have seen a burgeoning literature on AQP4 regulation, the picture is still far from complete. There is no evidence that mammalian AQP4 is subject to bona fide gating (i.e., switching between a closed and open state). Nor is there any evidence for AQP4 translocation between intra-and extracellular membrane domains of astrocytes under physiological conditions in situ. Numerous studies report up-or downregulation of water permeability following experimental manipulations targeting AQP4 phosphorylation sites. However, it still remains AQP4 IN BRAIN to be demonstrated, for any relevant site, that phosphorylation affects AQP4 conformation (196) .
V. WATER AND WASTE CLEARANCE
Brain function is inextricably coupled to efficient control of extracellular volume. Obviously, changes in extracellular volume and tortuosity will affect diffusion and clearance of signal molecules and other solutes (180) . It is not only a question of what controls baseline volume. There is also a need to understand the rapid and dynamic changes in extracellular volume that are associated with synaptic transmission. Data have accumulated to suggest that AQP4 is involved in the control of both baseline (FIGURE 4) and dynamic extracellular volume changes (FIGURE 5).
Aqp4
Ϫ/Ϫ animals show enhanced dextran diffusion in the extracellular space (15) . This finding provided the first clue that AQP4 might be involved in the control of extracellular volume, although alternative mechanisms were also discussed. More direct evidence was reported in 2008, when Manley's group demonstrated an increased extracellular space volume (by 25%) in animals deficient in AQP4 (204) . There was no change in tortuosity. Consistent with an enlarged extracellular space, Aqp4 Ϫ/Ϫ animals were reported to have increased brain water content, compared with wildtype controls (18, 55) . A possible explanation of these findings has been provided (55) . Taking advantage of a novel glial-conditional Aqp4 knockout mouse line, evidence was obtained of a delayed resorption of brain water in the first 4 weeks postnatally. Normally, there is a rapid drop in brain water in this phase, from ϳ87 to ϳ79%. Mice lacking glial AQP4 retained more brain water than wild-type animals throughout the observation period (until adult stage, P70).
Saline infusion in brains of Aqp4
Ϫ/Ϫ animals led to a more rapid increase in intracranial pressure (ICP) than did infusion in wild-type controls (140) . This finding was obtained under nonphysiological conditions, but nevertheless is in line with the concept that AQP4 controls brain interstitial water resorption. It is notable that deletion of Aqp4 does not alter blood-brain barrier (BBB) integrity, as reported in two of the three Aqp4 Ϫ/Ϫ lines that are currently available (34, 167) . In the third line, Zhou et al. (215) concluded that Aqp4 deletion did interfere with BBB integrity, although this could not be reproduced in a more recent study of this line (167) . Taken together with the large number of studies on edema development (4, 7, 19, 81, 99, 140, 176, 192) , the studies on saline infusion and postnatal water resorption suggest that AQP4 can become rate limiting for efflux as well as influx of water across the blood-brain interface.
The possibility that interstitial water and waste are cleared by a paravascular route was substantiated by a recent twophoton imaging study visualizing fluorescent tracers through a cranial window of living mice (69) . The study concluded that a significant proportion of cerebrospinal fluid (CSF) recycles into the brain along paravascular pathways. Specifically, tracers injected into the subarachnoid space entered the brain along spaces that surround penetrating arteries. The tracers rapidly distributed into the brain parenchyma and eventually accumulated around capillaries and veins, suggesting paravenous drainage pathways. Aqp4 Ϫ/Ϫ mice exhibited reduced tracer flow into the brain and delayed clearance of intraparenchymally injected tracers, including tagged amyloid-␤. Thus AQP4-mediated water flow along vessels may not only be relevant for clearing brain interstitial water, but also interstitial waste and soluble proteins. The possibility must be considered that AQP4 dysfunction or mislocalization (203) 
VI. EXTRACELLULAR VOLUME DYNAMICS
Thirty years ago it was found that the extracellular volume is subject to rapid changes, driven by synaptic activation (31) . Specifically, with the use of membrane-impermeant cations, extracellular volume reductions in the range of 5-30% were observed after high-frequency activation of excitatory pathways (180) . While the mechanism of these dynamic changes remain to be explained in detail, it is now assumed that they reflect water cotransport coupled to rapid uptake of ions and transmitter in perisynaptic glial cells (95, 96) (FIGURE 5C). Water cotransport has been documented for a number of ions and transmitters, including K ϩ , bicarbonate, and glutamate (211).
While AQP4 occurs at particularly high densities in astrocytic endfeet, this water channel is also expressed in those delicate astrocytic processes that abut on excitatory synapses (129) (FIGURE 1A). One possibility is that this rather minor pool of AQP4 represents channels that are en route to the endfeet. The hypothesis was put forward that the perisynaptic pool of AQP4 is involved in dynamic control of extracellular space volume. If so, the next question would be whether water flux through AQP4 contributes to or dampens the observed activity-dependent shrinkage of extracellular space. In other words, there was a need to determine whether AQP4 mediates a flux of water out of the extracellular space, or whether it short-circuits the volume change by allowing water reflux to the extracellular compartment. The bidirectional nature of AQP4-mediated water transport opens for either possibility.
Modeling studies favored the latter alternative (138) . It was concluded that AQP4 would serve as an efflux route for astrocytic water, provided that the Na
Ϫ cotransporter 1 (NKCC1) transports water along with the ions. NKCC1 is assumed to be responsible for much of the K ϩ uptake that occurs in astrocytes following synaptic activation (97) . Thus the properties of this molecule have a strong impact on synap- The directionality of AQP4-mediated water transport was tested in Aqp4 Ϫ/Ϫ mice (FIGURE 5, A AND B) . The results were clear: deletion of Aqp4 accentuates the shrinkage that is normally seen after high-frequency synaptic activation (53), in line with the prediction from modeling studies (138) . This implies that AQP4 normally serves to counteract the dynamic volume changes, by allowing water reflux from perisynaptic glia. This conclusion is valid even if one takes into account that wild-type and Aqp4 Ϫ/Ϫ mice might differ in regard to the baseline extracellular space volume.
As water transport through AQP4 is driven by osmotic gradients, the above finding allows inferences to be made with respect to the dynamic osmolarity changes in the perisynaptic space. Specifically, a water reflux from glia must reflect a relative hyperosmolarity in the extracellular space, consequent to synaptic activation. How this happens is not clear. One possibility is that water is cotransported into glia against its concentration gradient. While transport of water against its concentration gradient may occur in some biological systems (211), there is no direct evidence for this in brain neuropil. In fact, the cotransporters known to populate perisynaptic membranes allow for isosmotic or slightly hypertonic water transport. NKCC1 is a case in point: calculations indicate that this cotransporter carries 115 water molecules per ion, while 175 water molecules per ion would be required for the transport to be isosmotic (212) .
It should also be considered that extracellular hyperosmolarity might be caused by activation of mechanisms responsible for regulatory volume decrease (RVD). This is a phenomenon that has been studied in detail in cultured astrocytes (9, 76) . In essence, through RVD, astrocytes that are forced to swell will readjust their volume towards baseline by extrusion of osmolytes followed by osmotically driven water efflux. The time course of RVD as observed in vitro matches the time course of volume changes following synaptic activation in vivo. The recent finding that RVD depends on the presence of the transient receptor potential cation channel subfamily V member 4 (TRPV4) allows for experimental testing of this hypothesis (12) .
VII. POTASSIUM HOMEOSTASIS
Early light microscopic (42) and electron microscopic analyses (129) revealed that AQP4 water channels are concentrated in astrocytic endfoot membranes. On the basis of this finding it was hypothesized that AQP4 is coupled to K ϩ clearance (129 buffering and K ϩ uptake (80) . A major fraction of K ϩ uptake occurs through the Na ϩ /K ϩ /2Cl Ϫ cotransporter and represents a net movement of osmolytes across the cell membrane (96). In contrast, bona fide K ϩ spatial buffering is osmotically neutral and can be described as a K ϩ current that serves to redistribute K ϩ along the concentration gradient of this ion (137) . Potassium siphoning is a special case of K ϩ spatial buffering where K ϩ influx through perisynaptic astrocytic membranes is coupled in series to K ϩ efflux through endfoot membranes (113, 120) . Siphoning through the endfoot membrane domain (which typically constitute less than one-tenth of the total expanse of the astrocytic membrane) helps redistribute K ϩ from areas of high synaptic activity to remote liquid compartments (75) . Potassium siphoning has been studied in detail in Müller cells (a type of retinal macroglia). These cells display a 10-fold higher K ϩ conductance in endfoot membranes than in membranes facing the neuropil (118, 119) .
The hypothesis that AQP4 is coupled to K ϩ clearance was first explored in Müller cells. With the use of quantitative immunogold cytochemistry, it was shown that endfoot membranes of these cells were enriched with AQP4 (114) as well as the inwardly rectifying K ϩ channel Kir4.1 (112) . Double immunogold labeling at the electron microscopic level pointed to a precise colocalization of the two molecules. Based on its properties and distribution, Kir4.1 is likely to be the prime mediator of K ϩ siphoning in the retina. The concentration of Kir4.1 was ϳ10-fold higher in endfoot membranes than in glial membranes facing neuropil, consistent with the idea that Kir4.1 is responsible for K ϩ influx perisynaptically as well as for K ϩ efflux into the perivascular space and corpus vitreum (112) . The reversal potential for K ϩ flux through Kir4.1 is close to the membrane resting potential, allowing for efflux as well as influx depending on the local [K ϩ ] o (80, 136) .
Recent studies indicate that Kir4.1 is involved in K ϩ spatial buffering in brain as well as in the retina (23, 54, 79) . Glial-conditional deletion of the Kir4.1 gene (Kcnj10) delays K ϩ clearance following high-frequency synaptic activation, without affecting the dynamic changes of extracellular space volume (54). This implies that K ϩ clearance through Kir4.1 is osmotically neutral, as per definition when clearance occurs through spatial buffering rather than through chloride-coupled uptake.
Is the precise colocalization of AQP4 with Kir4.1 indicative of a role of AQP4 in K ϩ clearance? While K ϩ is effectively excluded from the water-selective AQP4 pore, AQP4 could affect K ϩ conductance indirectly, by modulating Kir4.1 through molecular interactions or through volume changes resulting in membrane stretch (172) .
Depletion of ␣-syntrophin, the immediate anchoring molecule for AQP4 in endfoot membranes, results in a loss of AQP4 from these membrane domains (116) . Immunogold analyses of these animals indicate that the loss is selective for AQP4 and that the concentration of Kir4.1 is unchanged. Mice lacking ␣-syntrophin were found to display a delayed clearance of K ϩ following high-frequency synaptic activation (6) . These experiments were carried out in hippocampal slices. K ϩ measurements were made in the pyramidal cell layer of CA1 during and after activation of the Schaffer collaterals. Delayed K ϩ clearance was also observed following deletion of Aqp4, in two different experimental models. Binder et al. (16) Ϫ/Ϫ animals and subjected to high-frequency synaptic activation revealed a delayed clearance of extracellular K ϩ in the pyramidal cell layer (178), in agreement with the above study of Amiry-Moghaddam et al. (6) . In contrast, evidence of a more efficient K ϩ redistribution was found when measurements were made in stratum radiatum (178) . To reconcile these data, it was hypothesized that Aqp4 deletion leads to a downregulation of Na ϩ -K ϩ -ATPase activity, and to an upregulation of gap junctional coupling, both of which would affect K ϩ dynamics. Indeed, dye coupling between stratum radiatum astrocytes was increased in Aqp4 Ϫ/Ϫ animals. This finding contrasts with those of Nicchia et al. (126) , who found reduced cell coupling and downregulation of connexin43 in cultured mouse astrocytes following AQP4 knockdown with small interfering RNA. Adding to the complexity, the effect of Aqp4 deletion on K ϩ buffering in stratum pyramidale was found to depend on the intensity of stimulation, being most pronounced at low stimulation intensities yielding [K ϩ ] o at 4 mM or below (178) .
As to the possible mechanisms involved, the observed effects of Aqp4 deletion could be explained if Aqp4 deletion caused a downregulation of Kir4.1. There is no evidence to support this idea. Notably, retinal Müller cells (161) and cortical astrocytes (213) from Aqp4 Ϫ/Ϫ animals displayed no changes in Kir4.1-mediated currents compared with wild-type controls.
While the latter experiments were done under baseline conditions, Soe et al. (172) studied the effects of osmotic stress on Kir4.1 currents in oocytes. In oocytes transfected with mRNA encoding AQP4, these currents were found to increase during swelling and decrease when oocytes were brought to shrink. The authors concluded that Kir4.1 is stretch sensitive and that AQP4 affects Kir4.1 function through facilitation of osmotically induced volume changes.
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Compared with the factors that regulate K ϩ clearance, the mechanisms that govern peak [K ϩ ] o during high-frequency synaptic stimulation have received little attention. Studies in slices show that peak [K ϩ ] o is increased following deletion of Aqp4 (unpublished observation) and reduced following depletion of ␣-syntrophin (6). In mice lacking ␣-syntrophin, there is a redistribution of AQP4 from perivascular endfoot membranes to other astrocytic membrane domains, presumably including those astrocytic membranes that face excitatory synapses. Thus available data suggest that an inverse correlation exists between the amount of perisynaptic AQP4 and the magnitude of peak [K ϩ ] o during synaptic stimulation. This inverse correlation can be easily explained if peak [K ϩ ] o is a function of the extracellular volume shrinkage that occurs during synaptic stimulation. Obviously, the more pronounced the shrinkage, the smaller is the distribution volume of excess K ϩ . One would assume that the activity-dependent shrinkage, shown to be accentuated in Aqp4
Ϫ/Ϫ mice (53), would be blunted in animals with an enhanced pool of perisynaptic AQP4 (i.e., in animals showing a mislocalization of AQP4 following deletion of the gene for ␣-syntrophin) (116).
Several reports indicate that the rate of K ϩ clearance is positively correlated to the peak concentration of K ϩ (195) . This could contribute to the delayed K ϩ clearance observed in animals lacking ␣-syntrophin. A recent modeling study concluded that AQP4 can regulate K ϩ uptake through effects on extracellular volume (73) .
VIII. NEURONAL EXCITABILITY
The evidence pointing to an indirect role of AQP4 in K ϩ homeostasis prompted studies of how removal of AQP4 affects seizure severity and seizure threshold. In the first study of this issue, Amiry-Moghaddam et al. (6) observed an increased seizure severity in mice lacking ␣-syntrophin. These animals lack perivascular AQP4. Seizures were induced by hyperthermia, and seizure severity was assessed according to the Racine scale. In support of this finding, Binder et al. (16) observed that seizures induced by hippocampal stimulation were prolonged in mice lacking AQP4. The latter study also reported that higher stimulation intensities were required to induce seizures in Aqp4 Ϫ/Ϫ mice than in wild-type controls. Similarly, an increased seizure threshold following Aqp4 deletion was reported in mice administered the chemoconvulsant pentylenetetrazol (14) .
At first glance it would seem counterintuitive that increased seizure severity is associated with an increased seizure threshold. However, this can be explained if Aqp4 Ϫ/Ϫ animals show an increased extracellular space volume. Several studies report an enlarged extracellular space in mice lacking AQP4 (15, 204) , and a recent investigation in mouse indicates that this enlargement reflects a reduced water reabsorption in the first two postnatal weeks (55) . An increased extracellular space volume would allow for a more rapid diffusion of excess K ϩ , delaying seizure onset and increasing seizure threshold.
Knockout strategies may have confounding effects on other proteins than those targeted by the gene deletion. However, the finding of increased seizure severity in mice lacking ␣-syntrophin as well as in Aqp4 Ϫ/Ϫ mice strongly suggests that the effect is due to loss of AQP4. Evidence was reported of downregulation of the glutamate transporter EAAT2 (GLT1) in Aqp4 Ϫ/Ϫ mice (210), but this result awaits confirmation.
The observation of increased seizure severity in animals that had been depleted of perivascular AQP4 (6) prompted the question whether clinical epilepsy is associated with a perturbed AQP4 expression. This issue was addressed in analysis of hippocampi that had been surgically removed from patients suffering from mesial temporal lobe epilepsy (MTLE). Hippocampal tissue obtained at surgery can be fixed immediately and allows for a much better ultrastructure preservation than tissue obtained from autopsy material. Hippocampi from MTLE patients showed a pronounced loss of AQP4 from perivascular astrocyte membranes (33) , mimicking the loss observed in animals lacking ␣-syntrophin. This loss was restricted to the gliotic part of the hippocampus and was not due to a general downregulation of AQP4. In fact, there was an overall increase in AQP4 expression in the MTLE hippocampi, as judged by quantitative immunoblotting and real time PCR (83) .
Taken together, the above data indicate that MTLE is associated with changes that specifically affect the perivascular membrane domains of astrocytic endfeet. The most parsimonious explanation would be that the AQP4 loss from these membrane domains was secondary to a disruption of the DAPC known to be responsible for AQP4 anchoring at these sites.
A recent and more detailed study of endfoot proteins revealed that MTLE astrocytes lose their perivascular pool of Kir4.1, as well as of syntrophin and dystrophin (60) . Again, the changes were restricted to the gliotic areas of the hippocampus. ␤-Dystroglycan was not affected, thus bolstering the hypothesis that there is a mechanism at play that interferes with the integrity of the DAPC. Abnormal proteolytic activities, such as calpain activation, should be explored as possible upstream factors leading to the perturbed expression of astrocytic endfoot proteins in MTLE.
A mislocalization of AQP4 and Kir4.1 could be responsible for the loss of water and K ϩ homeostasis in MTLE hippocampi. Diffusion-weighted MR reveals a higher than normal apparent diffusion coefficient pointing to an abnormal water accumulation (68) . Loss of perivascular AQP4 would be expected to impede clearance of water to the microcirculation.
An important question is whether the mislocalization of endfoot proteins occurs prior to the development of epilepsy or whether the changes observed are a consequence thereof. This issue has been explored in a rat model of temporal lobe epilepsy. Rodents that are exposed to kainic acid develop chronic seizures after a well-defined latent phase that is assumed to correspond to the premorbid state of MTLE patients. A loss of AQP4 and ␣-syntrophin from perivascular endfoot membranes was observed already in the latent phase, supporting the idea that these changes could be part of the pathogenic process leading to chronic seizures (3, 82) .
Genetic analyses support the idea that perturbations of the molecular organization of astrocytic endfoot could play a role in the epileptogenic process. Mice that lack the dystrophin complex due to a mutation in the corresponding gene (mdx mice) show increased seizure severity, but no change is seizure susceptibility (29) , mimicking the phenotype of mice lacking ␣-syntrophin (6) . Similarly, patients with Beckers muscular dystrophy display an increased propensity for epileptic seizures (191) . These patients are known to harbor a mutation in the dystrophin gene. A case control study of a cohort of MTLE patients revealed an association between MTLE and a number of single nucleotide polymorphisms in the genes encoding AQP4 and Kir4.1 (61) . However, as none of these polymorphisms could be attributed to the protein coding regions of these genes, the functional implications of these findings remain to be clarified.
IX. SYNAPTIC PLASTICITY AND BEHAVIOR
As discussed above, while concentrated in endfoot membranes, AQP4 is also expressed in astrocytic membranes abutting on excitatory synapses (129) . The question is whether AQP4 is involved in the regulation of basal synaptic transmission. So far the results have been negative. Specifically, deletion of Aqp4 did not affect key parameters of synaptic transmission including excitability (53, 88, 171) . Also, paired pulse facilitation, a form of short time plasticity, was not changed in Aqp4 Ϫ/Ϫ animals (53, 88, 171).
Skucas et al. (171) found that Aqp4 knockout reduced theta burst-induced long-term potentiation (LTP) without any effect on other forms of LTP (171) . Theta burst-induced LTP is characterized by a dependence on brain-derived neurotrophic factor (BDNF) and its tyrosine kinase B (TrkB) receptor. It is not clear why this specific form of LTP is AQP4 dependent, although several mechanisms were suggested. One hypothesis is that neurotrophins are dysregulated following deletion of Aqp4. There is a reduced longterm depression (LTD) in Aqp4 Ϫ/Ϫ mice, and the LTD can be rescued by the application of BDNF scavengers (171) . Cognitive testing of Aqp4 Ϫ/Ϫ animals revealed a partial impairment of location specific object memory, while contextual fear conditioning was unchanged. Again, the mechanisms need to be resolved (171) . On the other hand, Li et al. (88) reported that Aqp4 knockout interfered with associated fear memory and high-frequency stimulation induced LTP in the lateral amygdala. The same group also found that Aqp4 Ϫ/Ϫ mice exhibited impaired memory consolidation in the Morris water maze and reduced theta burst-induced LTP (38) .
Taken together, the available data indicate that the effects of Aqp4 deletion on basal synaptic transmission and synaptic plasticity are rather subtle, compared with the rather robust effects on K ϩ and volume homeostasis.
X. SENSORY SYSTEMS
Already in the first reports on Aqp4 deletion were data provided on sensory systems. Subtle changes were found in electroretinograms (85) , and evidence was provided of a partial or complete hearing loss (86) . More recently, it was shown that Aqp4 deletion also interferes with olfaction (93).
A. Retina
In retina, AQP4 is expressed in Müller cells and in the astrocytes that reside in the nerve fiber layer (56, 114) .
Immunogold analyses show that AQP4 is heterogeneously distributed along the Müller cell plasma membrane, with a 10-fold enrichment in endfoot membrane domains relative to those membrane domains that face neuropil elements (114) . The distribution of the inwardly rectifying K ϩ channel Kir4.1 mimics that of AQP4 (112) . Only in the microvilli facing the subretinal space do the two channels differ in their subcellular localization. Thus the basal 300 -400 m of the microvilli contain a high density of Kir4.1 channels but no detectable immunogold signal for AQP4.
The finding that the distribution of AQP4 along the Müller cell plasma membrane matched the distribution of Kir4.1 and Kir4.1-mediated K ϩ conductance gave rise to the idea that AQP4 is implicated in K ϩ clearance. As discussed above, while knocking out Aqp4 has no effect on Kir4.1 function under baseline conditions, evidence has been obtained that these two molecules interact during osmotic stress (172) .
Studies in Aqp4 null mice revealed a significant reduction in the electroretinogram b-wave potentials. These changes were more pronounced in 10-month-old null mice than in 1-month-old mice (85) . The null mice did not reveal any overt change in retinal structure.
While the b-wave has been used as a measure of K ϩ spatial buffering, the relationship between Müller cell activity and b-wave is disputed (85) . Clearly, further studies are needed to unravel the physiological roles of AQP4 in retina.
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B. Inner Ear
Similar to the situation in the retina, AQP4 in inner ear is expressed exclusively in nonneuronal cells. The inner ear contains several types of supporting cells. Some of these cell types contain AQP4, while others do not (66, 103, 105, 108, 181) . As in the retina, the distribution of AQP4 is consistent with an indirect role in K ϩ clearance.
Li and Verkman (86) reported that the auditory brain stem response to a click stimulus shows a higher threshold in Aqp4 Ϫ/Ϫ mice than in wild-type mice. The Aqp4 knockout caused a hearing deficit or a complete hearing loss, depending on genetic background. No morphological changes were observed. It was speculated that the hearing deficit was coupled to a loss of osmotic equilibration in epithelial cells in the organ of Corti.
That normal hearing depends on AQP4 receives support from a recent study of a patient with a D184E mutation in the AQP4 gene (121) . This patient was deaf. When expressed in oocytes, the mutated protein showed reduced water permeability compared with nonmutated AQP4 (121, 174) .
XI. CONCLUSIONS
The 18 years that have elapsed since AQP4 was discovered in the mammalian brain have brought significant advances in our understanding of the mechanisms underlying volume, ion, and water homeostasis in brain. Progress has been particularly rapid over the past few years, with the exploitation of new imaging techniques and experimental approaches. The physiological roles of AQP4 have turned out to be many and diverse. The most robust data are those that point to a role of AQP4 in clearance of interstitial fluid from the CNS. Notably, glial-conditional knockout of Aqp4 delays postnatal resorption of extracellular fluid and leaves the mature brain with a higher than normal water content (55) . These recent data tie in with the early finding that intracerebral liquid injections produce a more acute ICP increase in Aqp4 Ϫ/Ϫ animals than in wild-type controls (140) . Clearance of interstitial fluid may be just one side of the coin, as water passed through the perivascular glial sheath may serve to propel a paracapillary drainage system akin to the lymphatics in peripheral tissues. Attesting to the latter function are the recent data that show delayed clearance of intracerebrally applied amyloid peptides and mannitol in Aqp4 Ϫ/Ϫ mice (69).
If one assumes that a primary role of AQP4 is that of mediating water transport across the perivascular glial sheath, a number of questions will have to be resolved. First and foremost, the question arises as to what fraction of the surplus water is transported along the capillaries in the arterial or venous direction, and what fraction gains immediate access to the bloodstream following transendothelial transport. It is notable in this regard that brain endothelial cells are devoid of AQP4 and even lack AQP1, which is an endothelial marker in most peripheral organs (55) . In fact, the basic question as to how water passes through brain endothelial cells remains to be addressed in quantitative terms. To the extent that water passes through brain endothelia, it is likely cotransported with glucose or lactate, or with inorganic ions such as K ϩ and Na ϩ . The endothelial cells express a multitude of molecules that can contribute to water cotransport, including glucose transporter 1 (GLUT1), monocarboxylate transporter 1 (MCT1), and NKCC1 (211).
To elucidate how water is transported across the blood-brain interface, advantage can be taken of the fact that water transport through AQP4 is bidirectional. Intraperitoneal injection of water creates an osmotic driving force for water influx to brain, the route of which can be assessed by two-photon imaging and three-dimensional reconstructions. With the use of this approach, it was found that water first accumulated in pericapillary astrocytes (115) . Such cells displayed significant swelling following intraperitoneal injections of distilled water. This is consistent with the idea that water influx occurs through the large pool of AQP4 that resides in the pericapillary endfeet. One important implication of the number of studies on brain edema formation and water resorption is that the perivascular glial sheath may assume a barrier function in conditions of high water flux. Obviously, the barrier is a relative one. Even if the perivascular glial processes form a continuous sheath around brain microvessels (101), these processes are not coupled by tight junctions but by gap junctional complexes that allow water to pass. Also, the plasma membrane is not entirely water impermeant even in the absence of any aquaporin.
AQP4 has been implicated in a number of pathophysiological processes that have not been reviewed here. Neuroinflammation is a case in point. In a model of adoptive-transfer experimental allergic encephalomyelitis, inflammation was greatly reduced by deletion of Aqp4 (87) . Furthermore, intracerebral injection of LPS produced a stronger neuroinflammatory response in wild-type than in Aqp4 knockout mice (87) . There is an extensive literature on the role of AQP4 in neuromyelitis optica (NMO) (25, 26, 62, 70, 84, 106, 145, 146, 152, 153, 160) . This literature was recently reviewed (72, 142) . In NMO, serum autoantibodies specifically target external epitopes of AQP4 with an apparent preference for OAPs (122) .
Aqp4
Ϫ/Ϫ mice have been reported to show impaired glial scar formation, coupled to reduced migration of reactive astroglia towards the injury site (166) . Conversely, transfection with Aqp1 or Aqp4 accelerated cell migration in an in vitro wound healing model (165) . Cell migration is coupled to rapid water fluxes at the cell's leading edge (92, 165) , providing a mechanistic link between aquaporin and migratory capacity.
Finally, recent data suggest a role for AQP4 in astrocytic calcium signaling (185) . In vivo optical imaging in mice subjected to hyposmotic stress suggest that AQP4 not only serves as an influx route for water but also is critical for initiating downstream signaling events in astrocytes. The implication of this finding is that edema might not be as passive a process as formerly believed, but a process that is coupled to release of neuroactive substances that might exacerbate the pathological outcome when an edema develops.
Taken together, the data that have been accumulated thus far demonstrate that AQP4 is inextricably coupled to volume control in the brain. AQP4 regulates baseline extracellular space volume and dynamic volume changes following synaptic activation. It is involved in regulatory volume decrease, in edema formation secondary to ischemia or other pathophysiological events, and probably also in waste clearance. In brain, AQP4 stands as a multipurpose aquaporin, quite different from the situation in the kidney where several aquaporins act in concert to regulate water transport. This is not to say that AQP4 is the only aquaporin expressed in brain: AQP1, AQP9, and AQP11 also count as brain aquaporins, but these are quite restricted in their expression (AQP1, AQP9) (143) or without any clear function (AQP11) (48).
The fact that AQP4 has a predominant role in brain to the exclusion of other aquaporins must not be taken to imply that this aquaporin alone holds the key to our understanding of how volume is controlled in the central nervous system. While AQP4 is a selective water transporter, a host of membrane molecules mediate water cotransport (95). In fact, for those transporters that are expressed in brain membranes, cotransport of water appears to be the rule rather than the exception. Adding to the complexity, the lipid bilayer shows a water permeability that may vary substantially across membrane domains. There is a need to develop a mathematical model for water transport that adequately takes into account the range of molecules and compartments that interact in volume homeostasis. Such a model is not close at hand. Methodological challenges abound, although some of them can be handled through innovative use of in vivo laser scan microscopy. Efforts are now made to develop drugs that can block water transport through AQP4 in clinical conditions associated with brain edema. The availability of mathematical models will be a prerequisite for safe use of such drugs, should they eventually materialize. 
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